Introduction
============

One of the key functions of plant roots is to supply water and nutrients to the shoot ([@bib7]). An increasing number of environmental issues, such as climate change, water management, and soil pollution have given an impetus to study roots and their function ([@bib8]). A major obstacle in such studies has been the difficulty to investigate roots *in situ*. Conventional methods such as soil cores, monoliths, and in-growth cores are destructive and thus not useful for the continuous monitoring of growth, mass, and surface area of roots in field conditions.

New non-destructive techniques, such as minirhizotron imaging, ground penetrating radar (GPR), isotopes, X-ray imaging, and magnetic resonance imaging (MRI) have been used for observing roots and their function at micro and macro scales ([@bib27]; [@bib14]). These non-destructive methods have their own limitations in their application, however. Minirhizotron imaging, for example, may be used for monitoring root growth dynamics and root longevity, but it gives a limited scope of the whole root system only ([@bib15]). Ground penetrating radar (GPR) has been used to map the whole root systems but it may detect clearly coarse roots only (greater than 19 mm in diameter). Root water content also affects GPR results ([@bib14]). New non-destructive methods are needed for *in situ* studies of roots and their function.

One of the non-destructive methods for studying roots is based on the electrical properties of roots. Measurements of root electrical capacitance have been particularly interesting ([@bib5], [@bib6]; [@bib9]; [@bib19]). In these studies, the root morphology (e.g. fresh or dry mass, length, surface area) from various plant species (maize, onion, tomato, clover, alfalfa, poplar) and even from different genotypes were related with electrical capacitance measured at 1 kHz ([@bib6]; [@bib18]; [@bib16]). Capacitance obtained at a single 1 kHz frequency was assumed to be a measure of active root area and the extent of root system ([@bib9]). However, the moisture of the root--soil system and the position of a stem electrode had a strong effect on the capacitance measurements ([@bib6]; [@bib9]; [@bib29]).

The electrical impedance spectroscopy (EIS) is widely used in clinical studies with a large range of frequency ([@bib13]). In plant sciences, EIS has been used to demonstrate the response of detached plant tissues to cold acclimation, freeze--thaw injury, and ozone and carbon dioxide exposure at cellular level ([@bib23], [@bib24], [@bib22]; [@bib26]). EIS has been used for studying the properties of intact root systems in only a few studies ([@bib17]; [@bib19]; [@bib21]).

In a simple version of the EIS, termed the earth impedance method, measurement is run at a single low frequency, and the absorbing root surface area (ARSA) is assessed accordingly ([@bib3], 2006). In this method, the soil--root--stem system is connected to an electric circuit, and a low frequency current from an external source is driven to the roots through electrodes set in the stem and soil. According to the theory, the current would pass from the root to the soil predominantly at the root tips ([@bib3]). The resistance is assumed to be related to absorbing root surface area (ARSA). The value of ARSA depends on the longitudinal electrical resistivity of the root and the mean extension of the roots from the trunk in field conditions. The resistivity of roots is difficult to assess in field conditions. Therefore, it is assumed to be approximately the same as in the stem and assessed on the stem accordingly. Recently, electrical resistance tomography (ERT) of soil was applied to detect the spatial distribution of the roots ([@bib1]).

It was found previously that the contact of stem of young maize seedlings with the nutrient cultivation solution did not affect the electrical properties, i.e. capacitance and resistance, of the overall system composing of a piece of stem, roots, and the solution ([@bib30]). Some recent studies on woody plants suggest that the current would not pass to soil through the roots but at the root collar, however (J Urban and R Bequet, personal communication). Therefore, with regard to the applications of the earth impedance method, more studies are needed on the current pathways and the equivalent circuits of soil--root systems ([@bib9]).

The aim of this study was to measure electrical properties of the roots in relation to their morphology in hydroponically grown willows and to assess the effect of the stem on electrical current pathways. The hypotheses were: (i) In a constant electric field, the current through the root--solution interface and the resistance accordingly is related to the root surface area in contact with the solution. (ii) The resistance between the plant and the solution is affected, besides roots, by the contact of the cutting with the solution too. This contact would cause bias in evaluation of the properties of the root system.

Materials and methods
=====================

Dormant willow cuttings (*Salix schwerinii*) were collected in January, 2009 from a plantation in Siikasalmi (62°30′ N, 29°30′ E) in eastern Finland, and stored in water containers at a cold room (4 °C). Thirty-two cuttings (18--20 mm in diameter, 250 mm in length) were cultivated for 12 d in aerated tap water containers (size 500×390×250 mm) in a growth chamber (PGW36, Conviron, Winnipeg, Canada) with the following conditions: the air temperature 20 °C, the photon flux density 320 μmol m^−2^ s^−1^, the photoperiod 18/6 h (day/night), and a relative humidity of 80%. The cuttings were embedded in the water solution half way by using floating pads. Water was refreshed at 3--4 d intervals. Two days before the electrical measurements, the tap water was replaced by a nutrient solution (10 mg N in 1.0 l of water with macro- and micronutrients; [@bib25]). The conductivity of the hydroponic solution was 54.2 μS cm^−1^. After 12 d of growth, the specimens were moved within the same containers from the growth chamber to laboratory (23 °C) to start the measurements next day.

One brightly coloured and non-wounded root of each cutting was isolated from neighbouring roots and connected to an electric circuit ([Fig. 1](#fig1){ref-type="fig"}). Other roots were wrapped in a clean plastic sheet and isolated from the measurement circuitry. Constant electric field (effective voltage of 0.1 V, sine-AC, 128 Hz) (TG215, TTi, UK) was applied to study the electric resistance of single roots at different immersion depths in the nutrient solution. The depth was adjusted by a micrometer starting from the root apex until the whole intact root was immersed. Voltage and current electrodes (Ag-needles, 0.5 mm in diameter) were inserted in the stem of the cutting and at the bottom of the solution container ([Fig. 1](#fig1){ref-type="fig"}). Voltage and current was assessed at each immersion depth (Fluke 8022A Multimeter, John Fluke Inc., Washington, USA). The electrical current passing through the root--stem continuum (*I*~A~) and the total resistance (*R*~A~) were calculated by equations [1 and 2](#fd1 fd2){ref-type="disp-formula"}, respectively. where *V*~2~ and *V*~1~ (*V*~1~=0.1 V) are the voltages, *R*~con~ is a known resistance (1000 Ω), and 10^3^ is the amplifier gain factor ([Fig. 1](#fig1){ref-type="fig"}).

![Diagram of the experimental set-ups for the measurement of electrical resistance of willow roots. (A) Root apex of a single intact root in contact with the solution. (B) Whole root with a piece of stem in the solution. (C) A piece of stem in the solution. V~1~ and V~2~ are voltage meters. E~1~ and E~2~ refer to the silver electrodes. Immersion depth of the root in the solution is adjusted by the micrometer. Note: The measurement circuitry in the (B) and (C) is the same as in (A).](jexboterq078f01_lw){#fig1}

The resistance of the root with a piece of stem included, *R*~B~, was measured at different immersion depths until the stem contacted the solution ([Fig. 1B](#fig1){ref-type="fig"}). Then the root was dissected from the cutting, and the resistance of the stem, *R*~C~, was measured as immersed at the same depth as with the root ([Fig. 1C](#fig1){ref-type="fig"}).

After the electrical measurements of the whole root, it was scanned (Epson Expression 1640XL, Epson America, Inc., USA) to assess the root surface area and the number of lateral roots using image analysis (WinRhizo, Régent Instruments Inc, Québec, Canada).

Distribution of axial electrical resistivity along the root profile was assessed after scanning. Root segments (*l*~root~ was 8 mm) were excised from the root tip over the free lateral root area. The specimens were set longitudinally between two Ag/AgCl electrodes (RCI, WPI Ltd., Sarasota, USA) with an electrode gel in-between (Signa gel, Parker Labs Inc., Fairfield, USA) ([@bib20]). The electrodes were connected to an LCR-analyser (HP-4284A, Hewlett-Packard, Santa Clara, USA) and the axial resistance of the root was measured at 0.1 V and 128 Hz. Subsequently, each root segment was scanned to assess the average diameter (*D*~root~) and to calculate the resistivity. The roots were kept in the same nutrient solution during scanning and transporting. Axial electrical resistivity (*p*~root~ in unit Ωm) of each root segment was calculated by equation [3](#fd3){ref-type="disp-formula"}.where *R*~root~ is the electrical resistance of each root segment, *D*~root~ is the average diameter of the root segment, and *l*~root~ is the length of the root segment (8 mm).

The resistivity of the stem was obtained by a classic method of electricity ([@bib3]). Four electrodes within the same distance (*l*~stem~=10 mm) were inserted into the stem and connected to a grounding tester (Fluke 1625, John Fluke Inc., Washington, USA) to record resistance (*R*~stem~) at 128 Hz. The diameter (*D*~stem~) of the stem was measured, and the stem resistivity (*p*~stem~ in unit Ωm) was calculated by applying equation [3](#fd3){ref-type="disp-formula"}.

Statistical analysis
--------------------

Relationships between electrical resistance and root morphology (root surface area and the number of lateral roots) were determined by using Person correlation analysis and a general linear and non-linear regression analysis. The differences of axial electrical resistivity of the root segments, and the resistance of the cuttings with and without the roots were tested by one-way ANOVA. The Tukey procedure was used in multiple comparisons. Statistical significance was assessed at the level of 0.05. Statistical analyses were performed by using SPSS software (ver.15.0, SPSS Inc., IL, USA).

Results
=======

The total electrical resistance (*R*~A~) was considerably high (3--4 MΩ) when the root apex was in contact with the nutrient solution only. When the distal part of the root was gradually immersed into the solution, the resistance decreased with an increasing immersion depth. When the whole root was immersed in the nutrient solution, the electrical resistance ranged between 100--700 kΩ depending on the size of the root ([Fig. 2](#fig2){ref-type="fig"}).

![Ten examples (out of 31 samples in total) of the root electrical resistance as determined by gradual immersion of the root at different depths in the nutrient solution. The *x*-axis scale is normalized according to the immersion depth as recorder on the micrometer (see [Fig. 1](#fig1){ref-type="fig"}). Each curve represents a single root.](jexboterq078f02_lw){#fig2}

When correlation was calculated for individual roots separately, there was a significant correlation (*P* \<0.01) between electrical resistance and root morphology, i.e. surface area and number of lateral roots. The electrical resistance had a significant negative correlation with its corresponding root surface area (*r*= --0.93) and with the number of lateral roots (*r*= --0.91). Meanwhile, the root surface area positively correlated with the number of lateral roots and root length, respectively (*r*=0.98 for both).

The resistance and root morphological characteristics (surface area, length, and number of lateral roots) were significantly correlated when whole roots of different plants were immersed as a whole in the solution (proportional immersion depth=1 in [Fig. 2](#fig2){ref-type="fig"}). The resistance decreased non-linearly ([Fig. 3](#fig3){ref-type="fig"}) with an increase of the root size. A significant linear relation was found between the root surface and the number of lateral roots, and with root length (*R*^2^=0.62 and *R*^2^=0.69, respectively).

![Relation between the root electrical resistance and root surface area (A), the number of lateral roots (B), and the root length (C) for the intact willow roots as immersed in the nutrient solution (*n*=31).](jexboterq078f03_lw){#fig3}

Contact of the stem with the solution had a significant effect on the resistance. The resistance halved ([Fig. 4](#fig4){ref-type="fig"}) when the root and a piece of the stem ([Fig. 1B](#fig1){ref-type="fig"}) were immersed in the solution as compared with the root in the solution only ([Fig. 1A](#fig1){ref-type="fig"}). However, no difference was observed when the stem was in contact with the solution with or without the root ([Fig. 4](#fig4){ref-type="fig"}). A significant linear relation was found between cross-sectional area of the stem and the resistance of the stem as immersed with or without the root (*R*~B~, *R*~C~, respectively) immersed in the solution ([Fig. 5](#fig5){ref-type="fig"}).

![The electrical resistance of intact willow root (Root), root and a piece of stem (Root and stem), and the stem only with the root dissected (Stem) as immersed in the nutrient solution (see [Fig. 1A](#fig1){ref-type="fig"}, B, and C, respectively). Bars indicate standard error of the mean (*n*=16). The same letter indicates no significant difference at the level of 0.05.](jexboterq078f04_lw){#fig4}

![Relation between the electrical resistances of willow cuttings (with and without root) and the cross-sectional area of the stems as immersed in the nutrient solution (see [Fig. 1B](#fig1){ref-type="fig"} and C, respectively). Open and dots closed symbols refer to the stems with and without root, respectively.](jexboterq078f05_lw){#fig5}

For 8 mm long samples of fine root, axial electrical resistivity (*p*~root~) varied between 8.9 and 13.0 Ωm along the root profile from the apex to a distance of 64 mm. The mean value was 10.5 Ωm ([Fig. 6](#fig6){ref-type="fig"}). The lowest resistivity was at the root apex (segment 1) and the highest next to the root apex (segment 2). No significant difference occurred between any other root segments. The stem resistivity (*p*~stem~) ranged between 73.9 to 134.8 Ωm, and the mean was 108.3 Ωm.

![The axial electrical resistivity of the 8 mm long segments along the root starting from the apex. Bars indicate the standard error of the mean (*n*=31). The segments with the same letter code are not significantly different (Tukey multiple comparisons test at the significance level of 0.05).](jexboterq078f06_lw){#fig6}

Discussion
==========

A constant electric field was applied to study the electrical resistance of roots of willow cuttings in a nutrient solution. The results indicate that the electrical resistance method offers good opportunities to investigate the relationship between electrical resistance and the root morphology (root surface area, the number of lateral roots, and root length) of willows. The study also showed the limitations of this method because the contact of the cut surface of the stem with the growing medium caused a large current passage through the cutting cylinder.

When the root was gradually immersed in the solution ([Fig. 1A](#fig1){ref-type="fig"}), a significant correlation was found between electrical resistance and proportion of the root in the solution ([Fig. 2](#fig2){ref-type="fig"}). This indicates that the contact surface area between the roots and the substrate has an important role in the overall electrical resistance of the root--soil interface. There is a reason to believe that the absorbing root surface area for the uptake of water and nutrients increased accordingly ([@bib27]). Meanwhile, and even more importantly, a significant relationship was found between electrical resistance and root morphology when the whole intact root of different size was immersed in the solution ([Fig. 5](#fig5){ref-type="fig"}). These results agree with the assumption of the earth impedance method that the electrical resistance is related to the root area ([@bib3].

The resistance halved when, in addition to roots, a part of the stem was immersed in the solution ([Fig. 4](#fig4){ref-type="fig"}). Moreover, the electrical resistance remained approximately the same when the stem with and without the root was in contact with the solution ([Fig. 4](#fig4){ref-type="fig"}). This suggests that, in this particular case, with willow cuttings the roots would play a minor role in the total electrical resistance of stem and root in the solution. In addition to the outer surface of the stem, the cut surface probably formed a good contact with the solution through the phloem and xylem of the stem. This seemed to provide a high passage of current (as compared to roots) between the stem and the solution, resulting in low electrical resistance accordingly, the latter being linearly related with the cross-sectional area of the stem ([Fig. 5](#fig5){ref-type="fig"}). This conclusion is further supported by the observation that there was no difference in the relationship between resistance and cross-sectional area of the stem with or without the roots ([Fig. 5](#fig5){ref-type="fig"}). A similar linear relationship was observed in maize plants in a nutrient solution ([@bib30]) and in coniferous and broadleaf woody species under field conditions ([@bib30]. Further studies are needed to test if the stem contact would have as strong an effect on the overall resistance in seed-originated intact plants as in the cuttings of this study.

The results of this study may be considered in terms of electrical circuit analogues formed of resistors with corresponding equations (see Appendix). In each the electrical analogues, there are two resistances that remain approximately the same, i.e. the stem and solution. They may be estimated as known parameters through the resistivity of the stem (mean value 108.3 Ωm) and the conductivity of the solution (54.2 μS cm^−1^ corresponding to the resistivity of 184.5 Ωm), respectively. The resistance of the system function, i.e. the solution and the E~2~-electrode without plant, was far less than 10 kΩ being much less than the resistance of the root immersed in the solution (cf. [Fig. 2](#fig2){ref-type="fig"}). The root--solution and the stem--solution interfaces result in variability in the parameters of the electrical analogues accordingly. When the stem with the root was immersed in the solution ([Fig. 1B](#fig1){ref-type="fig"}), a parallel electrical circuit was formed of the root--solution interface and the stem--solution interface (equation A[2](#fdA2){ref-type="disp-formula"}, see Appendix), and the former having larger resistance than the latter (equations A[1](#fdA1){ref-type="disp-formula"} and A3, see Appendix), respectively. Due to this parallel circuitry there was no significant difference in the total resistance of the stem with and without the root immersed in the solution. According to the measurement at a single low frequency a detailed impedance analysis of the system that would require an electrical impedance spectroscopic (EIS) approach cannot be run ([@bib17]; [@bib21]). The EIS would allow an estimation of the resistances and capacitances of the affecting components in the circuitry, i.e. the electrode--solution interface, solution, root, stem, and electrode--stem interface ([@bib9]).

Electrode polarization impedance commonly occurs at low frequencies, decreasing with increasing the frequency depending of the electrodes ([@bib12]; [@bib13]). The influence of the electrode polarization can be minimized by using reversible electrodes, e.g. Ag/AgCl electrodes ([@bib20]; [@bib9]; [@bib17]). In our measurements, at the frequency of 128 Hz, the resistance due to polarization at the electrode--stem and electrode--solution interfaces was small but not fully absent as compared with other components in the circuit (Y Cao, unpublished data). The solution electrode was fixed in the same position and just the stem electrode was changed from plant to plant. Thus, it may be assumed that the bias due to the polarization resistance was additively the same in different measurements, and would not affect the conclusion concerning the role of roots.

The experiment was carried out in the hydroponic solution where two important factors causing variability in the field measurements were fixed, i.e. soil moisture content and soil type. In the field measurements, the conductivity of soil will vary depending on the water content and highly mobile ions, such as K^+^, and Cl^--^ ([@bib10]). Soil properties, i.e. soil moisture, salinity, and soil texture, have been observed to affect the capacitance and impedance measurements ([@bib9]) Therefore, it has been recommended that the measurements should be run at a soil moisture content high enough, i.e. the field capacity ([@bib9], [@bib29]).

The position of the stem electrodes should be considered in the earth impedance measurements. The position of the stem electrode affects the proportion of the stem in the circuit and the resistance accordingly. The stem electrode should be set close to primary lateral roots and it should remain in the same position during measurements ([@bib9], [@bib18]; Rajkai, 2005). In beans, for instance, raising the electrode 10 cm upwards from the root collar leads to a linear increase in resistance from below 1 kΩ to above 150 kΩ, and to a non-linear decrease in capacitance from 70 nF to less than 5 nF ([@bib9]). With regard to the position of the soil electrode, preliminary studies have shown that the distance and depth of the soil electrode would not have any effect on the capacitance and resistance ([@bib29]; [@bib18]; [@bib17]). In the earth impedance method, however, the mean extension of the roots is determined according to the resistance when the soil electrode is moved apart from the stem ([@bib9]. These contradictory results may be due to the four-electrode technique in the earth impedance and two-electrode technique in other measurements.

Root axial resistivity changed along the root profile being the lowest at the root tips and the highest next to the root tips. This agrees with a study on corn roots ([@bib2]). Near the root tip there is a hydraulically isolated zone with immature metaxylem and a mature protoxylem which is non-functional for water absorption. This part, therefore, can be minimized in a consideration of the water flow into the vascular tissue ([@bib28]). It may be assumed that the high axial electrical resistance next to the root tip is related with the ineffective zone for transport water ([@bib11]).

In conclusion, the electrical resistance method is a promising and non-destructive method for studying roots and their function. It is possible to apply this non-destructive method for studying the dynamics of roots and their function. However, the role of the stem in contact with the growth substrate should be considered. More research is required on the calibration of the method with intact plants and, in particular, in field conditions, and on the role of additional components such as mycorrhizas. It may be considered as a complementary non-destructive method to ground penetrating radar (GPR) and electrical resistance tomography (ERT).
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Electrical resistance circuit analogs for the three major measurement set-ups, i.e. root, root and stem, and stem only immersed in the solution.

The equations for the total resistance for the three major measurement set-ups ([Fig. A1](#figA1){ref-type="fig"}).*R*~A~ is the total resistance when the whole intact root was immersed in the solution (see [Fig. 1A](#fig1){ref-type="fig"}); *R*~B~ is the total resistance when the whole intact root and a piece of the stem was immersed in the solution (see [Fig. 1B](#fig1){ref-type="fig"}); *R*~C~ is the total resistance when a piece of the stem with the root dissected was immersed in the solution (see [Fig. 1C](#fig1){ref-type="fig"}).Fig. A1.Three electrical resistance analogues corresponding to the three measurement set-ups in [Fig. 1A](#fig1){ref-type="fig"}, B, and C, respectively. Symbols: *R*~rsi~ the resistance of root-solution interface; *R*~ssi~ the resistance of stem-solution interface; *R*~sol~ the resistance of the solution; *R*~stem~ the resistance of the stem above solution interface.
